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Introduction

Background
Title 10, Part 851, Code of Federal Regulations (10 CFR 851) establishes worker safety and health requirements to govern contractor activities on U.S. Department of Energy (DOE) sites. This regulation went into effect on February 9, 2007. Pressure Safety is one of the disciplines specifically covered by this regulation, as detailed in Appendix A, Section 4. Section 851.3 defines pressure systems as "all pressure vessels, and pressure sources including cryogenics, pneumatic, hydraulic, and vacuum. Vacuum systems should be considered pressure systems due to their potential for catastrophic failure due to backfill pressurization. Associated hardware (e.g., gauges, and regulators), fittings, piping, pumps, and pressure relief devices are also integral parts of the pressure system." Appendix A, Section 4 states "contractors must establish safety policies and procedures to ensure that pressure systems are designed, fabricated, tested, inspected, maintained, repaired, and operated by trained and qualified personnel in accordance with applicable and sound engineering principles." The regulation goes on to state that all pressure systems and components shall conform to the applicable American Society of Mechanical Engineers (ASME) Boiler and Pressure Vessel Code, ASME B31 (Code for Pressure Piping), and the strictest applicable state and local codes. Part (c) further states, "When national consensus codes are not applicable (because of pressure range, vessel geometry, use of special materials, etc.), contractors must implement measures to provide equivalent protection and ensure a level of safety greater than or equal to the level of protection afforded by the ASME or applicable state or local code. Measures must include the following:
(1) Design drawings, sketches, and calculations must be reviewed and approved by a qualified independent design professional (i.e., professional engineer). Documented organizational peer review is acceptable. (2) Qualified personnel must be used to perform examinations and inspections of materials, in-process fabrications, non-destructive tests, and acceptance test. (3) Documentation, traceability, and accountability must be maintained for each pressure vessel or system, including descriptions of design, pressure conditions, testing, inspection, operation, repair, and maintenance."
Pacific Northwest National Laboratory has implemented a graded approach to Pressure System safety based upon the level of risk associated with varying categories of pressure systems to conform to the regulation. There is no pressure limit or other variable defining a pressure system in 10 CFR 851. Therefore, PNNL has established a pressure system level based upon stored energy, which poses minimal risk to PNNL staff during operations.
Stored energy has been used by PNNL as the basis for recognizing a significant pressure risk for over 20 years. Historically, multiple approaches have been implemented throughout the DOE Complex for pressure related risk identification and an inter-laboratory consensus standard has not been developed. The existing threshold limit at PNNL is 1000 lbf-ft of stored energy. Below this limit there are minimal requirements and no formal approvals are required. The stored energy has historically been calculated for gases or vapors above the boiling point by assuming isentropic expansion as shown in equation 1.1 (Lindeburg 2001 ). 
Purpose
The purpose of this analysis is to show that establishing 1000 lbf-ft store energy as the upper boundary for pre-approved pressure systems is a reasonable, and more importantly, safe approach that limits the hazards associated with pressure systems while not impeding research.
The remainder of this document will:
• Evaluate the use of stored energy as an appropriate hazard criterion.
• Evaluate the methods used to determine stored energy.
• Establish an acceptable level of risk, or threshold value, with regard to operation of pressure systems.
Note: Formal approval to design and operate pressure equipment that is below the acceptable risk level is not required (i.e., this type of system is considered minimal-action as defined by PNNL).
Approach
The approach taken within this analysis to accomplish the three purposes was to:
• Review literature regarding compressed gas stored energy and consequences from an overpressure event.
1.3
• Use an alternative method for determining blast wave pressure based upon gas expansion per the Ideal Gas Law as a baseline check of the values obtained by more extravagant methods.
• Evaluate the effects of a resultant blast wave pressure for a given stored energy versus relevant consequence criteria. The stored energies evaluated were 1000 lbf-ft, 1 lbf-ft, 500 lbf-ft, and 10000 lbf-ft.
• Compare stored energy for typical items encountered at home and in a laboratory versus the 1000 lbf-ft threshold to evaluate if this value is reasonable.
2.1
Literature Review
A review of Lees' Loss and Prevention in the Process Industries, the Fire Protection Handbook (FPH), twentieth edition, Los Alamos National Laboratory (LANL) policy P101-34, Pressure, Vacuum, and Cryogenic Systems, ASME PCC-2 -2008 Repair of Pressure Equipment and Piping, and the LLNL Pressure System and Design Manual reveals stored energy is a widely used method to evaluate pressure risk. Methods for determining the stored energy due to gas expansion, liquid compression, non-ideal gas, vapor, and flashing liquid are discussed in various sections of each document.
Three major hazards are associated with pressure systems-fire, explosion, and toxic release. At PNNL, fire and toxic hazard mitigation are integrated into the Pressure Safety Program through the Chemical Process and Pressure Systems Permit processes, by the proposed integration of compressed gas pipe codes into the PNNL Engineering Standards, and Fire Protection Engineer reviews.
Lees ' (2005) states, "Explosions in the process industries cause fewer serious accidents than fire but more than toxic release. When [toxic releases do] occur, however, they often inflict greater loss of life and damage than fire. Explosion is usually regarded as having disaster potential greater than that of fire but less than that of toxic release." This document focuses on the explosive hazard associated with pressure systems.
Explosion Energy
An explosion is a rapid and violent release of energy that produces potentially damaging pressures. Lees' (2005) breaks down explosions into 3 main types-physical energy, chemical energy, and nuclear energy. Nuclear explosions are not a part of this analysis. "Physical energy may take such forms as pressure energy in gases, strain energy in metals, or electrical energy. Examples of the violent release of physical energy are the explosion of a vessel due to high gas pressure and the sudden rupture of a vessel due to brittle fracture (Lees' 2005) ." Thermal energy is usually linked to failure, but does not contribute to explosion energy. For example, accidental flashing of a superheated liquid due to pressure reduction or introducing a fluid to a surface with a temperature well above its boiling point has explosive potential.
Lees' continues, "Chemical energy derives from a chemical reaction. Examples of the violent release of chemical energy are explosion of a vessel due to combustion of flammable gas, and explosion of a reactor caused by decomposition of reaction products in a runaway chemical reaction. Chemical explosions are either (1) uniform explosions or (2) propagating explosions. An explosion in a vessel tends to be a uniform explosion, while an explosion in a long pipe gives a propagating explosion. (2005)" Note: Chemical explosions potential is limited at PNNL by Fire Protection Engineering policies and procedures, such as the Chemical Process Permit.
Lees' Section 17.4 discusses stored energy in great detail. Lees' references the equations PNNL currently uses for gas expansion stored energy and liquid expansion energy. Section 17.4.4 discusses vessel metal strain energy and concludes "the elastic strain energy of the metal is usually small compared with the chemical and fluid expansion energies (Lees' 2005)," and is therefore excluded from this analysis.
2.2
The following sections discuss in greater detail calculating stored (explosive) energy for ideal gas expansion, liquid compression, non-ideal gas, vapor, and flashing liquid.
Compressed Gas Energy
Lees' Section 17.4.5 discusses vessel burst energy for ideal gases. Four separate equations (2.1 -2.4) from this section and their validity for compressed gas expansion are discussed below.
Baker (isentropic; consistent with PNNL Stored Energy Worksheet)
E Ki nRT ln The findings in Lees' that indicate stored energy is an appropriate method to determine the consequences of a compressed gas overpressure event are supported in the FPH. Section 2, Chapter 8, 2.3 "Explosions," states, "A burst pressure vessel releases its energy of compression in the time it takes for a crack to propagate sufficiently far to allow the metal shell to split open. This is typically on the order of 10 microseconds. The peak pressure is approximately equal to the vessel pressure at the time of bursting, Pb (FPH 2008) ." Similarly, the FPH uses the Brode equation (2.1) to generate a theoretical stored energy.
Energy in Liquids Below Boiling Point
Liquids are much less compressible than gases when exposed to pressure, and therefore a different method for calculation of stored energy is required. Calculation of the stored energy for liquids below the boiling point is discussed in Lees' Section 17.4.3. Lees' uses the same equation recommended by LLNL and that is currently used at PNNL (equation 1.2) . This calculation of stored energy for liquids below their boiling point is based upon an experimentally established compressibility of the liquid. The compressibility is equal to 1/Bulk Modulus of the liquid, which is similar to the Modulus of Elasticity for a solid.
2.1.3
Energy for Non-Ideal Gas, Vapor, and Flashing Liquid
Because non-ideal gases, vapors, and flashing liquids are more complex substances, a single equation cannot be derived to establish a theoretical stored energy based upon pressure, volume, and temperature alone. Lees' Section 17.4.6 describes vessel burst energy for non-ideal gas, vapor, and flashing liquid. In this case, the energy of the explosion is obtained from the difference in the internal energy between the initial and final states assuming an isentropic expansion using suitable thermodynamic diagrams or tables.
3.1
Design Principles
Basic Overpressure Design Principles
The basic instances that induce an overpressure event are exceeding the design failure pressure or a material imperfection failure at the operating pressure. At PNNL, standard practice is to design to the maximum allowable working pressure (MAWP) of the minimum rated component in any given section of a pressure system. Pressure relief is generally installed whenever there is a potential to exceed the MAWP when the stored energy is above 1000 lbf-ft unless there are extenuating circumstances (e.g., addition of a relief valve could add too much volume space for extremely sensitive experiments with low volume requirements and other protections have been put in place). The pressures used for determining the stored energy in a system are defined, at PNNL, as follows:
Maximum possible pressure should be the lowest of the following:
• Maximum Supply Pressure (Bottle Pressure, Pump Dead Head, Thermal Expansion) Another area that merits mention is the effect of temperature on stored energy due to the direct affect it has on the stored energy in a system. The potential to add heat is considered as another source of pressurizing a system due to thermal expansion when determining the maximum possible supply pressure. Heating of closed containers is prohibited unless explicit` approvals are granted and appropriate administrative controls are put in place.
Criteria of Damage/Injury
The causes of explosion injury to a person include the blast wave, missiles, thermal effects, and toxic effects. This analysis is concerned with physical explosions; therefore, thermal effects (fire) and toxic effects are not discussed in great detail because PNNL implements other policies and procedures to mitigate the possibility of fire and toxic releases. Typically research processes take place in ventilated enclosures or are separated from staff when flammable or toxic hazards are present.
The modes of physical explosion injury of interest are eardrum rupture, lung hemorrhage, and missile injury. These types of injury are evaluated based upon the probability of injury. For each type of injury, a threshold value has been established at which there is approximately a 1% chance of injury. Multiple studies have been conducted for each type of injury and are discussed in Lees' Section 17.38 and 17.39 and Section 2, Chapter 8 of the FPH. Lees' data indicates a minimum threshold for ear drum rupture at 2.4 psig and lung hemorrhage at 14.5 psig whereas the FPH lists 5.1 psig and 29 psig respectively.
Determining the Blast Wave Pressure
Pressure propagating away from an explosion is usually referred to as a blast wave. As the blast wave moves away from the release point, the shock amplitude decreases due to atmospheric resistance, and the time duration of the pressure disturbance increases. Both Lees' and FPH discuss the calculation of a blast Where: Z = Distance from explosion site E = Blast wave energy W TNT = TNT equivalent weight for the same blast wave energy Table 2 .8.1 in the FPH shows the consequences of representative values for overpressure and the associated TNT equivalent scaled distance.
Note:
The TNT equivalence method for determining blast wave consequences was discussed with PNNL Fire Protection Engineering staff. This method is considered conservative per Fire Protection Engineering with relation to compressed gas expansion during an overpressure event.
4.3
Calculations
This section explores blast waves in relation to various stored energy situations. Calculations are performed using equation 2.2 (Baker) to determine the pressure wave propagation. The ultimate purpose of the calculation is to validate 1000 lbf-ft as a reasonable limit when determining a pressure hazard.
Ideal Gas Expansion
An attempt to determine the pressure at a distance from an over-pressurized vessel (Table 4 .1) was calculated using a form of the Ideal Gas Law, where P 1 ⋅V 1 = P 2 ⋅V 2 (aka, Boyle's Law). This method acts as a baseline check of other methods used to calculate the blast wave of an over-pressure event. First, the required pressure to generate 1000 lbf-ft in a sphere with a given diameter was calculated. The diameters evaluated are below 6" because diameters greater than this are governed by the ASME Boiler and Pressure Vessel Code. These starting pressures and volumes resulting in 1000 lbf-ft of stored energy were used to determine the pressure at a given distance assuming consistent expansion. 
. Pressure Wave using Ideal Gas Law
The pressure wave is determined based upon the ideal gas law, where P1V1 = P2V2 V1 and V2 are assumed to be spherical, due to pressure wave of an explosion point. Brittle Materials are not allowed for use with compressed gas, and therefore only a point explosion is reasonable. (Based upon a beginning sphere of air pressure, k = 1.4 that results in 1000 lbf-ft) Distances from the edge of the vessel that are of interest based upon this approach are 1) at 3 inches the maximum pressure is 44 psig (~ pressure for lung hemorrhage), 2) at 6 inches the maximum pressure is 5.56 psig (~ pressure for ear drum rupture), and 3) at 12 inches the maximum pressure is 0.81 psig (less than the pressure required for missile debris).
4.4
Blast Wave Calculations
The approach presented by Lees' and in FPH is used to determine the blast wave propagation and potential consequence as outlined in Chapter 8, Section 2 of the FPH.
1000 lbf-ft Blast Wave
The blast wave for an over-pressure event in a system with 1000 lbf-ft is calculated using a 4 inch sphere as an example pressure vessel: 4.5
1 lbf-ft Blast Wave
The blast wave for an over-pressure event in a system with 1 lbf-ft is: 
500 lbf-ft Blast Wave
The blast wave for an over-pressure event in a system with 500 lbf-ft is: 
10000 lbf-ft Blast Wave
The blast wave for an over-pressure event in a system with 10000 lbf-ft is: 4.6
Comparative Stored Energy
To get an understanding of stored energy in real world applications, a variety of items encountered in daily life and laboratory operations are evaluated in Table 4 .2. 
Tabulated Results
The following results are tabulated from the calculations performed above. 
Conclusions
Based upon a review of applicable literature and the supporting calculations performed, the following conclusions were derived:
1. Stored energy is an appropriate method to determine the potential hazards of an overpressure event.
2. Calculating Stored Energy: a. The Baker equation is an acceptable method to determine the stored energy of compressed gases.
Although Brode is identified by Lees' and the Fire Protection Handbook as the preferred method for determining compressed gas stored energy, PNNL will continue to use Baker. Baker is considered the best alternative, and is being used by PNNL, INL, and historically by LANL and LLNL. A switch from Baker to Brode would highly impact operations, confuse the pressure safety stored-energy relation, and add little value. Furthermore, the use of stored energy is inherently conservative because the Baker model is a reversible (isentropic expansion) process.
b. The stored energy in liquid systems shall continue being calculated using fluid compressibility.
c. For non-ideal gases, cryogens, and flashing liquids the use of enthalpy and internal energy tables shall be utilized.
3. The use of a 1000 lbf-ft energy limit is consistent with an acceptable level of risk. The conservative blast wave equation shows that a possible personnel injury could occur ~ 1 foot away from a pressure release; however, this stored energy is no greater than the energy encountered by items used every day in our homes. 1000 lbf-ft is also nearly 10 times less than the stored energy at which the State of Washington requires inspections for ASME Coded Vessels. Furthermore, the culture of safety glass use, wearing proper attire in laboratories, and minimizing the use of brittle materials all mitigate the probability of missile debris causing injury during an overpressure event. Lastly, the 1000 lbf-ft limit is consistent with perceived hazards based upon everyday experience with common household and laboratory items. During pressure systems reviews, engineering judgment is consistent with the 1000 lbf-ft limit as a practical measure of risk.
6.1
Recommendations
During the development of this analysis, certain aspects regarding PNNL Pressures Safety Program were deemed to have a potential weakness. Recommendations to remedy these possible deficiencies are listed below. Each recommendation will be assigned as an Action Tracking System (ATS) Item to the Pressure Systems Engineer, and tracked through closure.
